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ABSTRACT  
A surface forces apparatus (SFA) was used to measure the intermolecular forces between a 
biodegradable demulsifier (ethyl cellulose, EC) and asphaltenes immobilized on two molecularly 
smooth mica surfaces in an organic solvent.  A steric repulsion on approach between the 
immobilized EC layers and asphaltenes was measured, despite strong adhesion ሺܨ௔ௗ ܴ ൎ െ ?݉ ܰȀ݉ ? Ǣ ௔ܹௗ ൌ  ?Ǥ ? ? ݉ܬ ݉ଶ ? ሻ during retraction. The measured adhesion was 
attributed to the interpenetration and tangling of aliphatic branches of swollen asphaltenes and 
solvated chains of EC macromolecules.  Competitive adsorption of EC on/in immobilized 
asphaltene layers was confirmed by combining SFA force measurements and atomic force 
microscopy (AFM) imaging. Following the injection of EC-in-toluene solution, an immediate (< 
5 min) increase in the confined layer thickness of the immobilized asphaltenes layers was 
measured.  Irreversibly adsorbed asphaltenes were displaced by EC macromolecules through 
binding with unoccupied surface sites on mica, followed by the spreading of EC across the mica 
substrate due to increased surface activity governed by the higher number of hydroxyl groups per 
EC molecule. AFM imaging confirmed that the increase in confined layer thickness resulted 
from the formation of larger asphaltene aggregates/clusters protruding from the mica substrate.  
Molecular level topographical images showed that the asphaltenes were not re-solvated in the 
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organic phase but more self-associated as the EC macromolecules spread across the hydrophilic 
mica substrate.   The results from this study provide not only fundamental insights into the basic 
interaction mechanisms of asphaltenes and EC macromolecules as a demulsifier in organic 
media, but also directions towards enhancing demulsification of water-in-oil emulsions. 
 
Introduction 
The formation of stable emulsions (water-in-oil, oil-in-water, and multiple emulsions) is 
ubiquitous in the production of crude oil.1 The mixing of two immiscible liquids in the presence 
of several interfacially active species creates problematic petroleum emulsions which are 
difficult to break.2,3,4 Asphaltenes and fine bi-wettable solid particles (clays) are known to 
stabilize such emulsions since they readily partition at the liquid-liquid interface to create 
mechanical barriers that resist droplet coalescence.5-12  Recent research has shown that the 
continual accumulation of asphaltenes at the oil-water interface leads to the formation of 
elastically-dominated interfacial layers that rupture once a critical yield stress is exceeded.5,13-15 
This yield stress is significantly greater than the typical stress applied during droplet-droplet 
collision;16,17 as a result, alternative routes have been explored to reduce the rigidity of these 
interfacial layers.  
 
In the worst case when rag-layers or dense packed layers are formed, oil-water separation is 
essentially stopped by the presence of excess bi-wettable solids and asphaltenes that resist the 
density driven migration of oil and/or water droplets.18,19 To overcome such issues and enhance 
oil dewatering performance, chemical additives such as dispersants and demulsifiers are typically 
added at the ppm level to break particle and interfacial networks, thus promoting droplet-droplet 
coalescence.20-22 
 
Chemical demulsifiers are designed to actively compete at the liquid-liquid interface and disrupt 
the rigid networks which have formed a protective barrier around water droplets.20,21,23,24  To 
facilitate their interfacial activity, demulsifier molecules must demonstrate an appreciable level 
of amphiphilicity to partition at the oil-water interface.25 Ethylene oxide and propylene oxide 
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(EO-PO) based polymers have frequently been studied to understand the effects of molecular 
weight, molecular structure and composition on demulsifier performance.21,26,27  
 
Historically, demulsifier performance has been assessed against the reduction in oil-water 
interfacial tension and/or dilatational modulus.28,29,30,31 However, these properties are not always 
satisfactory to describe the effectiveness of demulsifiers, especially the time-dependent 
dynamics.  Recent advances in measurement capability have allowed the mechanical properties 
of the oil-water interfacial layers and intervening liquid film (asphaltenes partitioned at a water-
oil interface) to be probed in real-time as demulsifiers competitively adsorb at the oil-water 
interface.21,25,32  The interfacial elasticity as measured under shear has been identified as a key 
parameter that governs droplet stability.15 Effective demulsifiers have been shown to reduce the 
shear elastic contribution of the interfacial layers within seconds following their addition.33,34 
This breakup of a rigid interfacial layer has also been visualised in real-time using a specially 
designed thin-liquid film force balance technique.33   
 
More recently a new biodegradable demulsifier (ethyl cellulose, EC) has been considered to shed 
light on the demulsification process.25 Using the micropipette technique, EC was clearly shown 
to be an effective demulsifier to induce the instantaneous coalescence of water droplets at a 
critical demulsifier concentration (130 ppm).20 In the absence of EC, water droplets remain 
stable to coalescence despite being substantially compressed and rolling around each other as the 
droplets are brought into contact.  At an intermediate EC demulsifier concentration of 35 ppm, 
water droplets do not coalesce, but significant adhesion and droplet stretching is observed as the 
two droplets are retracted from contact. While this intermediate chemical dosage is not favorable 
for coalescence and free-water dropout, water droplet flocculation is a second mechanism to 
enhance dewatering. The micropipette measurements confirm that interactions between 
molecular species at the oil-water interface govern the dewatering mechanism. Hence, there is a 
need to better understand the molecular interactions between competing surface active 
components, such as asphaltenes and demulsifier molecules. 
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To advance the mechanistic understanding of demulsification several researchers have applied 
techniques such as AFM to image asphaltenes/bitumen networks before and after demulsifier 
addition.25,35 These interfacial layers have been examined either at the solid-liquid interface 
(direct imaging) or transferred from a liquid-liquid interface using the Langmuir-Blodgett 
technique (indirect imaging). Both approaches have demonstrated the generation of large voids 
in the interfacial layer as the demulsifier molecules begin to occupy more interfacial area. 
However, the nature of the interaction forces between asphaltenes and demulsifier molecules has 
never been studied.  
 
Nevertheless asphaltene adsorption at the solid-liquid interface has been studied to better 
understand the properties of interfacial layers.36 Interfacial layer formation is frequently 
described as Langmuir-type, although research using thin-liquid film balance and SFA has 
shown the formation of multi-layer structures, with an asphaltene layer thickness much greater 
than the hydrodynamic diameter of asphaltenes in solution. 4,10,37,38, Previous studies have also 
shown that the adsorption of asphaltenes onto solids (minerals) can significantly enhance the 
surface hydrophobicity of the particles, and hence increase the ability for particles to partition 
and stabilize oil-water interfaces. In particular, iron-bearing heavy minerals such as siderite and 
pyrite have been shown to preferentially partition in the rag layer due to strong binding between 
carboxylic acids of organic compounds native in crude oil and the heavy minerals.39 Several 
recent studies highlighted chemical and structural differences between asphaltenes that strongly 
adsorb at the oil-water and oil-solid interfaces and those remaining in the bulk oil.40,41,42 An 
extended SARA analysis33 where asphaltenes are fractionated and characterized according to 
their adsorption affinity confirmed differences between adsorbed asphaltenes and whole 
asphaltenes. In particular, asphaltenes strongly partitioned at the oil-water interface contain a 
particularly high oxygen content, which led to the increased presence of sulfoxide groups.41 
Higher oxygen content was also reported for asphaltenes irreversibly adsorbed from oil onto 
calcium carbonate, accompanied by higher concentrations of carbonyl and carboxylic acid 
groups.42  These studies on isolating and characterizing adsorbed asphaltenes have provided a 
much improved understanding of the most troublesome fractions of asphaltene science.  
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With chemical demulsifiers often delivered via the organic phase it is important to study 
interactions of asphaltenes and demulsifier molecules in non-aqueous media via an asymmetrical 
(asphaltene-EC) system in comparison with symmetrical (asphaltene-asphaltene, EC-EC) 
systems. A fundamental understanding of the emulsion stabilization mechanism and the 
subsequent destabilization by demulsifier addition can only be realized through a good 
description of the interaction forces that act between interfacially active asphaltenes and 
demulsifier molecules. To that effect, we use in the current study a surface forces apparatus 
(SFA) to measure the interaction forces (F) as a function of surface separation (D) between 
immobilized asphaltenes and EC in an organic solvent. Here we mimic stable interfacial layers 
by immobilized asphaltenes on mica with EC as the demulsifier. The force profiles obtained 
from SFA measurements can provide valuable information on material properties such as 
interaction energies in organic solvent, while AFM imaging was used to provide complementary 
information on the surface molecular conformation changes of the interacting layers.   
 
MATERIALS AND EXPERIMENTAL METHODS 
Materials. Bitumen was kindly provided by Syncrude Canada Ltd. (Alberta) and the asphaltenes 
were precipitated by adding n-heptane to bitumen at a volume ratio 40:1. A detailed description 
on asphaltenes precipitation and washing was provided in our previous publication.38 High-
performance liquid chromatography (HPLC) grade toluene and heptane were purchased from 
Fisher Scientific and used as received. Ethyl cellulose (EC4) was purchased from Sigma-Aldrich 
and used without further purification. The molecular structure of ethyl cellulose is shown in 
Figure 1. Although EC is a linear polymer, its molecular chain contains many six-member-ring 
repeating units connected to each other by a single oxygen atom. The hydroxyl and oxyethyl side 
groups are either equatorial or axial, located on both sides of the ring.25 Ruby mica sheets were 
purchased from S & J Trading Inc. (Glen Oaks, NY) and used as the substrate for immobilizing 
asphaltenes and/or EC.  
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Figure 1. Molecular structure of ethyl cellulose (EC).25 
 
Sample Preparation. The sample preparation method was varied according to the experimental 
setup. Asphaltene/EC layers were immobilized on mica surfaces by dip coating method. Briefly, 
after gluing a freshly cleaved thin mica sheet on a cylindrical silica disk, several drops of 0.5 
wt% asphaltenes- or EC-in-toluene solution were placed and spread on the top surface of the 
glued mica in a chamber saturated with toluene. The solution was left in contact with mica 
surfaces for ~15 min to allow a layer of asphaltenes or EC to adsorb/assemble on the mica. The 
sample was then washed with ample amount of pure toluene and blow-dried with particle-free 
nitrogen before it was loaded in the SFA chamber. The dip-coated mica surfaces are referred to 
as immobilized layers. The immobilized layers were imaged by AFM and the interaction forces 
were measured using SFA. Alternatively, 0.5 wt% EC-in-toluene solution was injected in-
between two molecularly smooth mica surfaces loaded in the SFA chamber. The adsorption of 
EC from the bulk solution to mica was monitored in real time by SFA. The surface layer 
obtained as such is referred to as adsorbed layer to distinguish the immobilized layers which 
were dried to force the molecules further bind to the solid surfaces and among themselves before 
force measurement.  
 
Force Measurement.  SFA was used to measure the molecular interaction forces between EC 
and asphaltene layers immobilized or adsorbed on mica surfaces. Detailed description on the 
SFA experiments has been reported elsewhere.43,44 Briefly, thin mica sheets (1-5 µm thick) were 
coated with a ~50 nm semi reflective layer of silver on the back surface. The silver coating is 
required to obtain sharp multiple beam interference fringes of equal chromatic order (FECO).45 
The FECO fringes were then used to determine the surface separation, surface geometry, 
deformations and the contact area in-situ and in real time. The silver coated mica sheets were 
glued onto cylindrical silica disks (radius R = 2 cm) before mounting in the SFA chamber in a 
cross-cylinder orientation, which is equivalent to the interaction between a sphere of radius R 
and a flat surface when R is much larger than the separation D as is the case in the present study. 
The measured force F(D) between the two curved surfaces can be correlated to the interaction 
energy per unit area between two flat surfaces, W(D) using the Derjaguin approximation.43,46 
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The adhesion energy per unit area between two surfaces, Wad, can be determined from the pull-
off force, Fad (the force required to separate the surfaces from adhesive contact), given by: 43,45-47  
1.5ad adW F RS                       (1) 
In each set of measurements the reference distance (D = 0) was determined at the adhesive 
contact between the two mica surfaces in air prior to introducing the solvents. For the force 
measurements, ~100 µL of desired solvent/solution was injected between two closely placed 
mica surfaces in the SFA chamber. The chamber was sealed and saturated with the vapor of the 
same solvent. All experiments were conducted at ambient conditions. During a typical force 
measurement the two mica surfaces were brought close to each other for an initial approach until 
the two surfaces do not move any closer, followed by separation of the two surfaces. In this way 
we obtained the normal force-distance (F vs. D) profile. The ³FRQILQHGILOPWKLFNQHVV´is defined 
as the mica-mica separation distance or thickness of confined asphaltenes/EC films which 
remained almost constant and independent of the applied normal load.  
 
Topographical Imaging: Topographical images of treated mica surfaces were obtained using an 
Agilent 5500 Molecular Imaging Atomic Force Microscope (AFM) (Keysight Technologies Inc., 
Chandler, AZ). Images were captured using silicon nitride cantilevers (Bruker, Camarillo, CA) 
operating under AC mode in air at ambient condition.  The cantilever nominal resonance 
frequency was 300-500 kHz, and the amplitude setpoint (As) was 98% of the free amplitude (A0) 
in order to apply a very low force on the sample and avoid surface damage during the scanning 
of the surfaces. Multiple locations were imaged for each substrate and a representative image 
was then selected.  
Sample properties such as root mean square (RMS) roughness, average height and maximum 
height (pit-to-peak) were calculated for each topographical image using the Pico Image post 
processing software of Agilent 5500 AFM. The RMS and height values were obtained using the 
lowest point or zero-plane on the selected image as the reference, as it is not possible to confirm 
directly from the AFM image that the lowest point is the underlying mica. Considering that 
freshly-cleaved mica is atomically smooth, the actual height/thickness of the adsorbed layer 
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would be greater than the reported values if there is any deviation in the layer thickness, 
provided that the lowest part of the image is mica covered with materials of very uniform 
features.  
 
RESULTS AND DISCUSSION 
We have previously studied the surface interactions of immobilized and adsorbed asphaltene 
films in toluene and heptane, and the adsorption of asphaltenes on hydrophilic solid (mica) 
surface.37, 38 In pure toluene (good solvent), the asphaltene layers were observed to swell by up to 
60%, giving rise to large steric repulsion as the two layers approached each other.48 During 
retraction of the two surfaces, interpenetration of the swollen asphaltene layers results in weak 
adhesion ܨ௔ௗ ܴ ൎ െ ?݉ ܰȀ݉ ? , which increases to ܨ௔ௗ ܴ ൎ െ ?݉ ܰȀ݉ ?   when the asphaltene 
layers were immersed in heptane (poor solvent).  In heptane the asphaltene molecules readily 
self-associate as identified by a weak attractive force during approach of the two asphaltene 
layers. The interaction forces for both immobilized and adsorbed layers were shown to be 
equivalent, and the adsorption study confirmed diffusion-limited dynamics of asphaltenes 
adsorption on mica. 
Topography of sample surfaces. The topographical features of asphaltenes and EC layers 
immobilized on mica surfaces were imaged in air by an AFM operating in tapping mode. As 
shown in Figure 2a, the AFM image of bare mica showed a featureless flat surface, with a RMS 
roughness of ~0.22 nm. The AFM image of EC and asphaltene layers immobilized on mica are 
shown in Figures 2b and 2c, respectively. The morphology EC layers appears more uniform and 
flatter with an average RMS roughness of ~0.9 nm, compared with the immobilized asphaltenes 
which form closely packed nanoaggregates, 37, 38 with an average RMS roughness of ~1.2 nm. 
  
Adsorption of Ethyl Cellulose on Mica. The force-distance profile between two mica surfaces 
following the injection of 0.5 wt% EC-in-toluene solution is shown in Figure 3a.  The force-
distance profile was measured at t = 5 min and confirms the fast adsorption of EC 
macromolecules onto the mica surface. A repulsive force was measured during approach at a 
separation distance of ~30 nm with a confined layer thickness increased from 0 nm to ~14 nm, 
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which corresponds to an ~7 nm thickness of the EC layer on each mica surface. Since the 
electrical double-layer forces in toluene can be considered negligible, repulsive forces observed 
during the approach of the surfaces are attributed to steric repulsion of solvated macromolecule 
EC layers. The long-ranged repulsion is suggestive of diffuse trains and loops of EC 
macromolecules which under compression deform to a more uniform thickness.  
 
 
Figure 2. Topographic AFM images of (a) bare mica surface, (b) immobilized EC layer on mica 
surface in air, and (c) immobilized asphaltene layer on mica surface imaged in air. Note that the 
surfaces were gently dried with nitrogen before imaging. 
 
The retraction force-distance profile in Figure 3a shows an adhesion of ܨ௔ௗ ܴ ൎ  െ ?݉ ܰȀ݉ ? , 
most likely due to the interpenetration of EC macromolecules on the two opposing surfaces in 
contact, as also evident from the stretching behavior shown in the force profile before the two 
surfaces finally detached.  
Interaction between asphaltenes and EC immobilized surfaces in toluene. The 
intermolecular forces of asphaltenes and EC immobilized on mica were measured in toluene 
using SFA in an asymmetrical configuration as shown in the inset of Figure 3b. The 
experimental set up consists of an asphaltene layer coated on one mica surface interacting with 
the EC layer coated on the other mica surface.  
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Figure 3. Force-distance profiles: (a) between two bare mica surfaces after ~5 min immersion in 
0.5 wt% EC-in-toluene solution, and (b) between EC and asphaltene layers immobilized on mica 
DV\PPHWULFVXUIDFHV ,Q WKLV ILJXUHDQGDOO VXEVHTXHQW ILJXUHV³,Q´ LQGLFDWHVDSSURDFKRI WKH
WZRVXUIDFHVDQG³2XW´LQGicates separation of the two surfaces.  
 
Figure 3b shows the force-distance profile measured after exposing the two immobilized layers 
(EC and asphaltene) in toluene for ~10 min. As the two surfaces were brought into contact, a 
repulsive force was measured at ~35 nm with a confined layer thickness of ~23 nm. The 
repulsive force measured during approach of the two layers in toluene is attributed to steric 
repulsion of swollen asphaltenes and EC layers. Strong adhesion ሺܨ௔ௗ ܴ ൎ െ ?݉ ܰȀ݉ ? Ǣ  ௔ܹௗ ൌ ?Ǥ ? ? ݉ܬ ݉ଶ ? ሻ was measured during separation and is most likely due to interpenetration of 
asphaltenes and EC macromolecules under the applied load.  Interestingly, the adhesion for the 
asymmetric system (EC/asphaltene-in-toluene) is stronger than the adhesion between asphaltene-
asphaltene and EC-EC layers in toluene. Considering good solvency of EC macromolecules in 
toluene and core-branched structure of asphaltenes, it is likely that the stronger adhesion results 
from: i) increased interpenetration and tangling of EC macromolecules and asphaltene aliphatic 
branches, and ii) bridging adhesion as immobilized EC and asphaltene layers interact with 
opposing surfaces at short separation distances, see Figure 4c for schematic representation of 
likely molecular interactions.  
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Toluene is a good solvent for both asphaltenes and EC, hence the hydrocarbon chains of the 
immobilized asphaltenes and EC molecules on mica surface tend to stretch and act as a swollen 
brush. Therefore, the steric repulsion between these two layers can be pseudo-quantitatively 
described by the $OH[DQGHUņGH*HQQHV $G*PRGHO developed originally for two interacting 
polymer brush layers. 49-51 When two polymer brush surfaces approach each other, the brush 
layers at some distance start to overlap, leading to an increase in the local density of ³polymer 
segments´. This in turn leads to a sharp increase in osmotic pressure and repulsive interaction 
energy. The repulsive pressure between two planar layers is given by: 49-52  
 ܲሺܦሻ ൎ ௞்௦య ቈቀଶ௅஽ ቁవర െ ቀ ஽ଶ௅ቁయర቉ ݂݋ݎܦ ൏  ?ܮ                                           (2) 
where s is the mean distance between anchoring (or grafting) sites on the surface, L is the brush 
layer thickness per surface, T is the temperature, and k is the Boltzmann constant. For the 
geometry of two crossed cylinders of radius R (used in our experiments), the force between them 
is given by first integrating the above equation and then using the Derjaguin approximation as: 
49-52
 
 
 
ிሺ஽ሻோ ൌ  ?ߨ׬ ܲሺܦሻ݀ܦ ൌ ଵ଺గ௞்௅ଷହ௦య ൤ ? ቀଶ௅஽ ቁହ ସ ? ൅  ? ቀ஽ଶ௅ቁ଻ ସ ? െ  ? ?൨                             (3) 
The AdG model fittings of the measured repulsive forces for EC-in-toluene and for the 
asymmetric system of asphaltenes/EC-in-toluene are shown in Figures 4a and 4b, respectively.  
Comparing Figures 4a and 4b, it is evident that a single set of parameters can describe the force 
profile of EC-in-toluene in both the low compression and high compression regimes. This good 
fit of single set of parameter illustrates that the EC macromolecules exhibit classical polymer 
behavior. However, for the asphaltenes-EC system at larger separation distances under lower 
compression force, deviation is observed between the experimental data and the single parameter 
AdG model fit. We have previously shown that for asphaltenes-in-toluene38 in the low 
compression region a second set of parameters is necessary to fit the experimental data using the 
AdG model, indicating the presence of secondary structures. A second set of fitting parameters 
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seems reasonable when considering the complex molecular structure of asphaltenes, which 
includes a polyaromatic core of several aromatic rings, branched aliphatic side chains, and an 
ability to self-associate to form nanoaggregates (asphaltenes polydispersity). An independent set 
of parameters have been used to fit the data in the low compression region as shown in Figure 4b 
(dashed line). The fitted parameters of s and L are listed in Table 1.  
For the asymmetric system (asphaltenes/EC-in-toluene) the brush layer thickness equalled 14.6 
nm. To determine the relative thickness of each layer a comparative study of asphaltenes-mica 
and EC-mica was conducted. As anticipated, the summation of each individual layer thickness 
approximates to the layer thickness of the asymmetric film ( ?ܮ஺௦௣ ൅  ?ܮா஼ ൌ   ?ܮ஺௦௣Ȁா஼). Hence, 
for the asphaltenes-EC asymmetric layers, the thickness of the asphaltenes layer is greater than 
the thickness of the EC layer.  It is also worth noting that the thickness of the EC-mica and 
asphaltenes-mica layer is equivalent to half the brush layer thickness of symmetrical EC and 
asphaltene layers, demonstrating good reproducibility when forming immobilized layers.  
 
Asphaltene immobilized substrates and EC solution. The experimental setup to measure the 
intermolecular forces of immobilized asphaltene layers in EC-in-toluene solution using a SFA is 
shown in the inset of Figure 5a. Force-distance profiles of asphaltenes immobilized on mica 
surfaces in 0.5 wt% EC-in-toluene solution at different time intervals are shown in Figure 5a. In 
the absence of EC the confined layer thickness for asphaltene layers on mica immersed in 
toluene was equal to ~18 nm (solid line, Figure 5a). Following the addition of 0.5 wt% EC-in-
toluene solution, long-range repulsion was measured on approach with a confined layer thickness 
under high loading force equal to ~30 nm.  Growth in the confined layer thickness from 18 nm to 
30 nm occurs within the first 5 min, with little variation in the confined layer thickness thereafter 
(i.e. from 30 to 280 min). The result suggests that modification of the asphaltene layers in the 
presence of EC macromolecules is rapid, with negligible long time dependence. Little variation 
in the confined layer thickness is also confirmed by similar force curves on retraction as shown 
in Figure 5b.  While the pull-off force distance extended by 150 nm without abrupt jump-apart, 
representing a significant stretching of the interacting interfacial layers in the presence of EC, the 
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adhesion energy is seen to decrease slightly from ~ 0.51 mJ/m2 to ~ 0.42 mJ/m2 as shown in the 
inset of Figure 5b.  The interaction mechanism between asphaltene layer and EC molecules is 
further investigated by using in situ AFM imaging and discussed below. 
 
Table 1. Fitting Parameters to the AdG Scaling Model 
Asphaltene and EC surfaces in toluene EC surfaces in toluene 
At ~ 10 min High Loading a Low Loading b At ~ 10 min 
2L (nm) 14.6 19.0 10.5 
S (nm) 2.0 6.9 4.3 
 
A-A c A-M c E-E E-M 
 High L Low L High L Low L   
2L (nm) 17.6 33.0 8.8 16.5   
S (nm) 2.8 12.5 2.8 12.5 4.3 4.3 
A: asphaltene, E: ethyl-cellulose, M: mica. a High compression and short separation distance 
regime (solid fitting curve). b Low compression and long separation distance regime (dash fitting 
curve). c Previously published results.38 
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Figure 4. Experimentally measured repulsive forces and the best fitted curves of the force 
profiles with the AdG theory for approach of (a) EC layers in toluene and (b) asphaltene layer 
against an EC layer in toluene, with schematics (c) of the likely interactions between asphaltenes 
and EC molecules as the two immobilized layers move into contact and deform under high 
loading force: I ± large separation distance between the two surfaces and no measurable 
interaction force; II ± long range steric repulsion as the solvated EC molecules begin to interact 
with the aliphatic branches of the solvated asphaltene molecules; and III ± strong steric repulsion 
as the EC molecules and asphaltenes polyaromatic core resist the high normal loading force 
(condition of the confined layer thickness).   
 
a b
III
III
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Figure 5. (a) Approach force profiles of two asphaltenes layers in EC-toluene solution at 
different time intervals (inset ± schematic demonstrating the experimental setup); (b) Separation 
force profiles of two asphaltenes layers in EC-toluene solution at different time intervals. Inset: 
Adhesion energy, Wad, between asphaltenes immobilized surfaces in EC-toluene solution as a 
function of time at 24°C. 
 
Structural differences between asphaltenes and EC layers immobilized on mica are shown by the 
AFM images in Figure 2, where asphaltenes form randomly distributed nanoaggregates and EC 
molecules form a uniform and flatter layer on the mica surface. Surface topography of the 
adsorbed asphaltenes layer as a function of immersion time in EC-in-toluene solution is shown in 
Figure 6. Freshly cleaved mica was first immersed in 0.5 wt% asphaltene-in-toluene solution for 
30 min to form adsorbed asphaltene layer. The surface was then rinsed with copious amounts of 
toluene to remove any loosely attached asphaltenes, and subsequently immersed in 0.5 wt% EC-
in-toluene solution for variable periods of time between 5 and 240 min. At the desired immersion 
time in EC solution, the substrate was gently removed and rinsed with toluene before drying 
using nitrogen. With increasing immersion time the surface topography of asphaltenes layer on 
mica showed two distinct changes: i) asphaltenes nanoaggregates were observed to grow rapidly 
(within 5 min); and ii) discrete flat areas on the mica substrate continually expanded. Figures 6b, 
6c and 6d clearly depict these larger rough domains (large globule structures/aggregates) and 
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much expanded flat open areas. The substrate RMS roughness at 240 min immersion time is 
almost equivalent to the RMS of EC immobilized layer on mica (comparing Figures 2b and 6d). 
The observed topography change suggests that EC macromolecules displaced asphaltenes which 
form larger globule structures/aggregates. The AFM image height profiles show a relative height 
of asphaltene aggregates on the mica/EC surface to be ~15 nm. The confined layer thickness 
from the SFA force curve in Figure 5a is ~ 30 nm, which is equivalent to a ~15 nm ³layer´ on 
each surface, confirming our displacement hypothesis of immobilized asphaltene layers by 
competitive adsorption of EC macromolecules. 
 
Figure 6. AFM topography images of asphaltene layers immobilized on mica and immersed in 
0.5 wt% EC-in-toluene solution for different times. (a) Asphaltenes adsorbed on mica surface in 
pure toluene (without EC). (b), (c) and (d) Following immersion of (a) in EC solution for ~5 min, 
~30 min and ~240 min, respectively. The dimension of images is 1 µm × 1µm.  
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As seen from the AFM images, the displacement of asphaltenes on the mica surface correlates 
with the measured force profiles in Figure 5a. The larger globule structures of asphaltenes 
following 5 min immersion of the immobilized asphaltene layers in EC-in-toluene solution 
contribute to the increase in long range repulsive force as observed in Figure 5a. In addition, the 
time-dependent adhesion energy between the two surfaces reduced by approximately ~20% from 
~0.51 mJ/m2 to ~0.42 mJ/m2 after 280 min of immersion, see Figure 5b. The slight reduction in 
the adhesion energy correlates to a reduced number of asphaltene clusters interacting between 
the two surfaces, as shown by Figure 6d.  However, the dominant interaction between the two 
surfaces at all immersion times is asphaltene-asphaltene, since the EC macromolecules displace 
asphaltenes which form large globules/nanoaggregates. These large globules/nanoaggregates 
protrude out from the underlying substrate to dominate the surface-surface interactions.  It is 
worth reiterating that EC adsorption on mica does not promote the detachment of asphaltenes 
molecules (re-solvate into the organic phase), but the self-association of asphaltenes to form 
large clusters.   
CONCLUSION 
The interaction forces between EC and asphaltene layers immobilized on mica were measured 
using SFA, and AFM was used as a complimentary technique to provide visual assessment of 
layer topography.  With all studies conducted in a non-aqueous environment, strong repulsion 
between symmetrical (EC-EC, asphaltene-asphaltene) and asymmetrical (EC-asphaltene) 
surfaces was attributed to steric hindrance of swollen asphaltene and EC layers.  Under 
compression (high normal force) the interacting layers exhibited pull-off adhesion due to 
interpenetration of neighboring molecules.   
A time-dependent study was considered to elucidate the interaction between immobilized 
asphaltenes layers immersed in EC-in-toluene solution (mimicking demulsification of W/O 
emulsions). Following the addition of EC solution a rapid change in the confined layer thickness 
was measured (less than 5 min), although the confined layer thickness showed little variance 
thereafter. The adhesion energy between the two interacting surfaces gradually reduced by ~20% 
and this was attributed to a decrease in the number of asphaltene-asphaltene contacts.  Further 
- 18 - 
analysis by AFM confirmed the rapid expansion of EC macromolecules on the mica surface, 
displacing the immobilized asphaltene layer, with asphaltene molecules self-associating to form 
larger clusters within an EC dominated film. Since the interaction between EC macromolecules 
and asphaltenes is purely repulsive, displacement of asphaltenes occurred due to the higher 
number of hydroxyl groups per EC macromolecule, leading to a stronger binding affinity of EC 
on the hydrophilic mica surface.  
The enhanced stability of water-in-crude oil emulsions is frequently attributed to the formation 
of asphaltene interfacial layers that inhibit droplet coalescence. Separation can be improved by 
adding demulsifiers which disrupt the asphaltene network. This is the first study to measure the 
interaction forces between asphaltenes and demulsifier molecules, elucidating the asphaltene 
displacement mechanism. While the effectiveness of EC as a water-in-crude oil demulsifier has 
previously been demonstrated, this study confirmed that asphaltenes displacement and network 
disruption can occur through the addition of demulsifier molecules. The long-range repulsion 
measured during approach between asphaltene layers contributes to the stabilization of 
interfacial layers and water-in-oil emulsions. While the adhesion measured after the addition of 
EC molecules indicate that EC molecules can be interfacially active to penetrate into the 
interfacial asphaltene layers, contributing to the adhesion measured. Both AFM imaging and 
SFA force measurements suggest that the EC demulsifier molecules exhibit strong affinity to 
hydrophilic mineral surfaces (i.e. mica), penetrating the pre-formed asphaltene layers to break-up 
the asphaltene network. Such penetration is possible as a result of aliphatic side chains 
(containing polar functional groups and heteroatoms) of asphaltenes that prevent their close 
packing. In contrast, the polar (e.g. hydroxyl) groups on EC molecules are more populated and 
uniformly distributed along their polymeric chains. As a result, each EC molecule can form 
multiple attractive bonds with the oil-water or oil-solid interface. Once adsorbed, the EC 
molecules are likely to spread and gradually expand to compete for more binding sites at the 
interface, changing the aggregation state of the asphaltenes at the interface and thus facilitating 
the demulsification process. This fundamental insight can be used to design better, smarter 
chemicals for more effective demulsification performance.  
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